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1.  Introduction 


Reviewer's  Comments: 

Thank  you  for  submitting  your  first  annual  progress  report,  unfortunately  the  report  does  not  meet 
USAMRMC  standards  and  a  revised  report  is  required.  Much  of  what  was  presented  in  the  report 
pertained  to  investigating  the  impact  of  CoA  synthase  (COASY)  inhibition  under  hypoxic  and  lactic 
acidosis  conditions. 

Response: 

We  wish  to  clarify  that  COASY  was  identified  as  a  kinase  kit  in  our  proposed  contextual 
screen  under  lactic  acidosis  and  hypoxia.  COASY  is  a  kinase  that  add  the  phosphate  to  form  the 
final  Coenzyme  A  product.  The  silencing  of  COASY  reduce  cell  viability  of  MDA-MB231  cells. 
What  was  interesting  that  was  that  the  lactic  acidosis  totally  rescued  the  cell  death  caused  by 
COASY  silencing.  In  addition,  CO  AY  locus  is  found  to  be  deleted  in  the  breast  cancers  in 
TumorScape  data  (http://portals.broadinstitute.org/tumorscape/pages/portalHome.jsf).  Therefore, 
we  pursued  the  COASY  as  an  interesting  hit  that  can  reveal  how  lactic  acidosis  select  the 
particular  somatic  mutations  can  be  selected  by  lactic  acidosis,  a  prominent  environmental  factor 
in  most  solid  tumors. 

From  our  mechanistic  studies  of  COASY  silencing,  we  found  that  the  COASY  silencing 
to  an  unexpected  protein  hyper-acetylation  due  to  the  ability  of  COASY  to  associate  and  repress 
CBP.  A  previous  report  have  shown  that  acidosis  can  reduce  the  histone  and  protein  acetylation 
by  histone  deacetylases  (HDACs).  The  released  acetate  anions  are  exported  with  protons  out  of 
the  cell  by  monocarboxylate  transporters  (MCTs)  to  prevent  further  acidosis  [1].  Therefore,  we 
hypothesize  that  lactic  acidosis  rescued  the  hyperacetylation  caused  by  COASY  silencing.  We 
will  include  additional  data  and  thinking  into  the  revised  report. 


The  main  focus  of  the  award  as  outlined  by  the  approved  statement  of  work  was  to  validate  synthetic 
lethal  kinases  identified  previously  and  then  develop  and  test  therapies  that  target  the  validated 
kinases.  While  the  COASY  data  is  interesting  it  does  not  fit  within  the  scope  of  the  SOW  and  is  therefore 
not  appropriate  for  inclusion  in  the  first  annual  report.  No  specific  information  has  been  provided  in 
terms  of  performing  any  experiments  associated  with  the  siRNA  validation  screening  that  was  proposed. 

There  are  comments  regarding  the  problems  associated  with  siRNA  screening  and  that  CRISPR-Cas  is  a 
better  alternative.  I  am  a  bit  confused  by  this  argument  since  the  SOW  called  for  siRNA  screening  first 
followed  by  CRISPR-Cas  validation.  It  is  also  not  clear  why  genome  wide  CRISPR  knock-out  is  necessary 
since  the  NIH  award  4  R01  CA125618  10  is  providing  support  for  the  general  identification  of 
synthetically  lethal  genes  and  the  DoD  award  that  you  are  reporting  on  is  providing  support  for 
validation  of  synthetically  lethal  kinases  which  should  be  a  rather  limited  subset.  In  the  revised  report 
only  provide  information  relevant  to  this  research  project.  In  the  report  narrative  list  all  tasks  and  sub¬ 
tasks  in  the  SOW  and  after  each  discuss  the  work  that  was  performed  to  complete  the  tasks.  Do  not 
include  any  results  related  to  outside  projects  that  are  not  supported  by  this  specific  award. 


Response: 


We  have  been  working  on  the  validating  the  results  from  the  synthetic  lethal  screens.  In 
the  revised  reports,  we  have  include  some  attempts  to  validate  several  lactic  acidosis  hits  that  are 
clustered  around  an  amplified  regions.  Even  with  multiple  efforts,  the  results  are  not  yet 
conclusive.  Therefore,  we  did  not  include  these  preliminary  data  in  the  original  reports.  COASY 
was  reported  as  a  kinase  hit  because  we  have  extensively  validated  the  phenotypes  and  made 
great  progress  on  the  mechanisms. 

As  for  the  CRISPR-screens,  we  wish  to  accomplish  several  purposes.  We  plan  to  first 
establish  the  screen  methods  and  then  focus  on  kinome  sgRNA  screens  [2],  First,  we  are 
concerned  whether  the  validation  rate  will  be  high  enough  to  obtain  a  robust  list  of  hits.  Second, 
we  hope  to  obtain  orthogonal  screens  information  from  parallel  experiments  to  increase  the 
chance  of  success  of  our  hits.  Because  of  the  all  the  concerns  of  the  off-target  effects  and 
incomplete  silencing  by  RNAi-based  approach,  we  feel  that  it  will  be  advantageous  to  update  our 
systems  of  functional  screens  using  the  CRISPR-Cas9  system.  With  the  system  set  up  (as  shown 
in  the  report),  we  are  now  focusing  on  validating  the  kinome  and  the  kinases  we  have  previously 
obtained  in  the  previous  screen  results.  We  appreciate  the  feedback  and  suggestions  from  the 
reviewers. 


1  McBrian  MA,  Behbahan  IS,  Ferrari  R,  Su  T,  Huang  TW,  Li  K,  Hong  CS,  Christofk  HR, 
Vogelauer  M,  Seligson  DB,  Kurdistani  SK.  Histone  acetylation  regulates  intracellular 
pH.  Mol  Cell  2013;  49:  310-321. 

2  Wang  T,  Wei  JJ,  Sabatini  DM,  Lander  ES.  Genetic  screens  in  human  cells  using  the 
CRISPR-Cas9  system.  Science  2014;  343:  80-84. 


As  breast  tumors  expand  in  size,  they  rapidly  exceed  the  local  oxygen  supply.  A  limited 
oxygen  supply  (hypoxia)  forces  tumor  glycolysis  and  produces  large  amount  of  lactic  acid  (lactic 
acidosis).  The  regions  of  hypoxia  and  lactic  acidosis  contribute  significantly  to  the  treatment 
resistance  and  tumor  relapse  of  breast  cancers.  While  the  clinical  relevance  of  these  stresses  is 
well  recognized,  they  are  usually  not  incorporated  in  the  discovery  and  validation  phases  of 
tumor  therapeutic  targets.  Thus,  very  few  options  currently  exist  to  target  and  eliminate  cancer 
cells  exposed  to  these  stresses,  which  presents  an  urgent  and  unmet  need  for  the  breast  cancer 
community.  We  hypothesize  that  a  limited  set  of  genes  encoding  protein  kinases  are  contextually 
essential  under  hypoxia  or  lactic  acidosis.  Targeting  or  inhibiting  these  kinases  will  selectively 
eradicate  tumors  cells  under  stresses  without  affecting  normal  cells  under  unstressed  conditions. 
While  protein  kinases  are  among  the  most  chemically  tractable  targets,  less  than  10%  of  the 
human  kinome  has  been  explored  for  its  therapeutic  value.  To  identify  these  kinases  with 
potential  therapeutic  values,  we  have  performed  parallel  genetic  (RNAi)  and  chemical  (kinase 
inhibitor)  “synthetic  lethality”  kinome  screens  in  breast  cancer  cells  exposed  to  hypoxia  or  lactic 
acidosis.  Using  functional  genomic  screens,  we  have  identified  a  set  of  kinases  which  are 
contextually  essential  under  hypoxia  or  lactic  acidosis.  We  will  first  validate  the  inhibition  of 
synthetic  lethal  kinases  to  eradicate  breast  cancer  cells  under  hypoxia  or  lactic  acidosis.  Second, 
we  will  use  FLECS  (fluorescence  linked  enzyme  chemoproteomic  strategy)  to  identify  and 


optimize  the  selective  inhibitors  of  the  top  synthetic  lethal  kinases.  Finally,  we  will  validate  the 
ability  of  the  kinase  inhibitors  to  reduce  tumor  growth  and  metastasis.  Together,  we  will  identify 
and  validate  a  set  of  kinase  inhibitors  to  eradicate  breast  tumors  in  both  in  vitro  culture  and 
xenograft  models  of  breast  tumors. 


Reviewer's  Comments: 

Thank  you  for  submitting  your  first  annual  progress  report,  unfortunately  the  report  does  not  meet 
USAMRMC  standards  and  a  revised  report  is  required.  Much  of  what  was  presented  in  the  report 
pertained  to  investigating  the  impact  of  CoA  synthase  (COASY)  inhibition  under  hypoxic  and  lactic 
acidosis  conditions. 

Response: 

We  appreciate  the  feedback  and  suggestions  from  the  reviewers. 

We  wish  to  clarify  that  COASY  was  identified  as  a  kinase  hit  in  our  proposed  contextual 
screen  under  lactic  acidosis  and  hypoxia.  COASY  is  a  kinase  that  add  the  phosphate  to 
dephosphorylated  CoA  to  form  the  final  product  Coenzyme  A.  The  silencing  of  COASY  reduce 
cell  viability  of  MDA-MB231  cells.  What  was  interesting  that  was  that  the  lactic  acidosis  totally 
rescued  the  cell  death  caused  by  COASY  silencing.  In  addition,  COAY  locus  is  found  to  be 
deleted  in  the  breast  cancers  in  TumorScape  data 

(http://portals.broadinstitute.org/tumorscape/pages/portalHome.jsf).  Therefore,  we  pursued  the 
COASY  as  an  interesting  hit  that  can  reveal  how  lactic  acidosis  select  the  particular  somatic 
mutations  can  be  selected  by  lactic  acidosis,  a  prominent  environmental  factor  in  most  solid 
tumors. 


From  our  mechanistic  studies  of  COASY  silencing,  we  found  that  the  COASY  silencing 
to  an  unexpected  protein  hyper-acetylation  due  to  the  ability  of  COASY  to  associate  and  repress 
CBP.  A  previous  report  have  shown  that  acidosis  can  reduce  the  histone  and  protein  acetylation 
by  histone  deacetylases  (HDACs).  The  released  acetate  anions  are  exported  with  protons  out  of 
the  cell  by  monocarboxylate  transporters  (MCTs)  to  prevent  further  acidosis  [1],  Therefore,  we 
hypothesize  that  lactic  acidosis  rescued  the  hyperacetylation  caused  by  COASY  silencing.  We 
will  include  additional  data  and  thinking  into  the  revised  report. 


The  main  focus  of  the  award  as  outlined  by  the  approved  statement  of  work  was  to  validate  synthetic 
lethal  kinases  identified  previously  and  then  develop  and  test  therapies  that  target  the  validated 
kinases.  While  the  COASY  data  is  interesting  it  does  not  fit  within  the  scope  of  the  SOW  and  is  therefore 
not  appropriate  for  inclusion  in  the  first  annual  report.  No  specific  information  has  been  provided  in 
terms  of  performing  any  experiments  associated  with  the  siRNA  validation  screening  that  was  proposed. 

There  are  comments  regarding  the  problems  associated  with  siRNA  screening  and  that  CRISPR-Cas  is  a 
better  alternative.  I  am  a  bit  confused  by  this  argument  since  the  SOW  called  for  siRNA  screening  first 
followed  by  CRISPR-Cas  validation.  It  is  also  not  clear  why  genome  wide  CRISPR  knock-out  is  necessary 
since  the  NIH  award  4  R01  CA125618  10  is  providing  support  for  the  general  identification  of 
synthetically  lethal  genes  and  the  DoD  award  that  you  are  reporting  on  is  providing  support  for 
validation  of  synthetically  lethal  kinases  which  should  be  a  rather  limited  subset.  In  the  revised  report 
only  provide  information  relevant  to  this  research  project.  In  the  report  narrative  list  all  tasks  and  sub- 


tasks  in  the  SOW  and  after  each  discuss  the  work  that  was  performed  to  complete  the  tasks.  Do  not 
include  any  results  related  to  outside  projects  that  are  not  supported  by  this  specific  award. 


Response: 

We  have  been  working  on  the  validating  the  results  from  the  synthetic  lethal  screens.  In 
the  revised  reports,  we  have  include  some  attempts  to  validate  several  lactic  acidosis  hits  that  are 
clustered  around  an  amplified  regions.  Even  with  multiple  efforts,  the  results  are  not  yet 
conclusive.  Therefore,  we  did  not  include  these  preliminary  data  in  the  original  reports.  COASY 
was  reported  as  a  kinase  hit  because  we  have  extensively  validated  the  phenotypes  and  made 
great  progress  on  the  mechanisms. 

We  have  established  the  individual  cells  with  inducible  Cas9.  As  for  the  CRISPR- 
screens,  we  wish  to  accomplish  several  purposes.  We  plan  to  first  establish  the  screen  methods 
and  then  focus  on  kinome  sgRNA  screens  [2],  First,  we  are  concerned  whether  the  validation  rate 
will  be  high  enough  to  obtain  a  robust  list  of  hits.  Second,  we  hope  to  obtain  orthogonal  screens 
information  from  parallel  experiments  to  increase  the  chance  of  success  of  our  hits.  Because  of 
the  all  the  concerns  of  the  off-target  effects  and  incomplete  silencing  by  RNAi-based  approach, 
we  feel  that  it  will  be  advantageous  to  update  our  systems  of  functional  screens  using  the 
CRISPR-Cas9  system.  With  the  system  set  up  (as  shown  in  the  report),  we  are  now  focusing  on 
the  kinome  and  the  kinases  we  have  previously  obtained  in  the  previous  screen  results. 


1  McBrian  MA,  Behbahan  IS,  Ferrari  R,  Su  T,  Huang  TW,  Fi  K,  Hong  CS,  Christofk  HR, 
Vogelauer  M,  Seligson  DB,  Kurdistani  SK.  Histone  acetylation  regulates  intracellular 
pH.  Mol  Cell  2013;  49:  310-321. 

2  Wang  T,  Wei  JJ,  Sabatini  DM,  Fander  ES.  Genetic  screens  in  human  cells  using  the 
CRISPR-Cas9  system.  Science  2014;  343:  80-84. 


2.  Keywords:  RNAi,  hypoxia,  lactic  acidosis,  functional  screens,  kinase,  CRISPR,  Cas9 


3.  Accomplishments 

3a.  The  major  goals  of  the  project: 

Using  functional  genomic  screens,  we  have  identified  a  set  of  kinases  are  contextually 
essential  under  hypoxia  or  lactic  acidosis.  Targeting  or  inhibiting  these  synthetic  lethal  kinases 
will  selectively  eradicate  breast  tumors  cells  under  stresses  without  affecting  normal  cells  under 
unstressed  conditions.  Therefore,  we  will  validate  the  therapeutic  values  of  these  synthetic 
kinases  and  use  a  novel  screening  method  to  identify  and  optimize  the  kinase  inhibitors  and 
determine  their  ability  to  reduce  tumor  growth  and  metastasis. 


3b.  The  accomplishment  under  these  goals: 


SOW: 

Aim  1:  Validate  the  inhibition  of  synthetic  lethal  kinases  to  eradicate  breast  cancer  cells 
under  hypoxia  or  lactic  acidosis  (Fiscal  Years  1-2) 

1)  Validate  the  synthetic  lethality  using  well-based  siRNA  under  stresses  — _  Ongoing  and 
partially  completed 


2)  Validate  the  synthetic  lethality  using  inducible  CRISPR-based  editing  under  stresses 
Ongoing  and  partially  completed 


3)  Validate  the  therapeutic  potential  of  the  inhibition  of  synthetic  lethal  kinases  to  reduce  the 
growth  and  metastasis  of  breast  cancers 

Milestone  1:  Obtain  IACUC protocol  approval  —  Completed 


We  have  made  significant  progress  on  the  proposed  experiments.  Here,  we  will  highlight 
three  efforts  along  the  proposed  lines  of  research.  First,  we  are  reporting  our  efforts  in  the 
validation  of  several  lactic  acidosis  synthetic  lethal  hits  that  are  often  amplified  in  the 
chromosomal  lq  regions.  In  a  previously  published  study[3],  we  have  found  that  lq  is  often 
amplified  and  associated  with  the  expression  of  many  stress-responsive  genes.  Therefore,  we  will 
described  our  efforts  in  the  validation  of  these  5  hit  kinase  in  the  lq  regions. 

Second,  we  investigate  COASY,  a  kinase  found  in  our  screen  under  lactic  acidosis.  This  gene 
encodes  the  bifunctional  protein  coenzyme  A  synthase  which  carries  out  the  last  two  steps  in  the 
biosynthesis  of  CoA  from  pantothenic  acid  (vitamin  B5).  COASY  has  two  domains:  1) 
phosphopantetheine  adenylyltransferase  domain  of  this  bifunctional  protein  catalyzes  the 
conversion  of  4'-phosphopantetheine  into  dephospho-coenzyme  A  (dpCoA)  while  its  2) 
dephospho-CoA  kinase  domain  completes  the  final  step  by  phosphorylating  dpCoA  to  form 
CoA.  When  COASY  was  silenced,  the  MDA-MB23 1  cells  undergo  significant  cell  death. 
Importantly,  lactic  acidosis  totally  rescued  the  cell  death  caused  by  COASY  silencing.  Third,  we 
will  discuss  our  efforts  to  establish  the  CRISPR-Cas9  screen  in  our  laboratory.  To  validate  the 
kinase  hits 

3b.l:  Validation  of  the  LA-associated  hits  in  the  lq  regions 
Summary 

We  analyzed  the  list  of  LA  synthetic  lethal  hits  in  the  TCGA  breast  cancer  data.  Among 
the  hits,  we  found  that  5  LA  synthetic  lethal  hits  (UHMK1,  SCYL3,  CDK18,  DSTYK  and 
OBSCN)  are  co-amplified  in  chromosomal  lq  among  the  similar  sets  of  samples.  Therefore,  we 
have  used  different  approach  to  silence  these  genes  and  validate  their  interactions  with  lactic 
acidosis  in  MDA-MB23 1  cells. 

The  5  LA  synthetic  lethal  hits  (UHMK1,  SCYL3,  CDK18,  DSTYK  and  OBSCN)  are  co¬ 
amplified  among  the  similar  sets  of  BRCA  tumor  samples  (Fig  1A).  Interestingly,  these  five 
kinases  are  physically  located  in  the  chromosomal  lq  regions  (Fig  IB). 

In  a  previous  study,  we  described  the  use  of  latent  factor  models  to  further  dissect  the 
stress-associated  gene  signatures  in  a  breast  cancer  expression  dataset[3].  We  found  many  genes 


in  several  latent  factors  are  highly  enriched  in  particular  chromosomal  locations.  When  these 
factors  are  analyzed  in  independent  datasets  with  gene  expression  and  array  CGH  data,  the 
expression  values  of  these  factors  are  highly  correlated  with  copy  number  alterations  (CNAs)  of 
the  corresponding  BAC  clones  in  both  the  cell  lines  and  tumors.  Therefore,  variation  in  the 
expression  of  these  pathway-associated  factors  is  at  least  partially  caused  by  variation  in  gene 
dosage  and  CNAs  among  breast  cancers.  One  previous  hit  is  factor  26  in  the  chromosomal  lq 
regions  (Fig  2A).  Therefore,  the  expression  levels  of  the  genes  in  the  chromosomal  lq  is 
positively  correlated  with  the  DNA  level  of  the  corresponding  regions  (Fig  2B). 

Therefore,  we  purchased  shRNA  and  siRNA  to  target  these  kinases  in  the  MDA-MB23 1 
cells.  We  generated  lentivirus  to  target  each  regions  of  the  target  kinase  and  transduced  the  cells 
with  lentivirus.  The  transduced  cells  were  then  selected  by  puromycin  to  select  the  infected  cells 
that  have  stably  integrated  shRNA.  We  then  harvested  the  RNA  of  the  infected  cells  to  confirm 
that  shRNAs  have  reduced  the  target  mRNAs. 


We  then  exposed  the  MDA-MB23 1  transduced  with  control  or  kinase-target  shRNAs  to 
control  and  lactic  acidosis.  For  each  target  kinase,  we  used  two  independent  shRNAs  to  avoid  the 
off-target  effects  of  each  shRNAs.  In  the  initial  experiment  using  crystal  violet  (Fig  3,  4),  we 
found  that  several  shRNAs  (such  as  CDK18  199950,  DSTYK  195331)  may  lead  to  reduced  cell 
viability  under  LA  for  ten  days.  Encouraged  by  these  results,  we  scaled  up  the  experiments  by 
performing  multiple  replicates  of  the  shRNA  under  control  and  LA  (Fig  5).  We  also  quantified 
the  crystal  violet  using  absorbance  (Fig  5).  Unfortunately,  these  experiments  found  that  while 
LA  reduced  the  crystal  violet  of  all  cells  (Fig  5),  none  of  the  tested  shRNAs  further  reduced  the 
viability  of  MDA-MB231.  Therefore,  the  expanded  experiments  did  not  validate  the  initial 
encouraging  results. 


We  then  tested  different  other  experimental  conditions  and  assays.  First,  we  prolonged 
the  period  of  testing  from  10  to  15  days  by  plating  fewer  number  of  cells  (Fig  6).  The 
preliminary  results  indicate  that  longer  period  of  exposure  time  may  lead  to  stronger  effects  of 
shRNA  under  LA.  We  are  expanding  the  experiments  to  include  replicate.  Another  effort  is  to 
use  Cell  Titer  Glow  instead  of  crystal  violet  at  shorter  period  of  time  (3  days).  However,  we  did 
not  find  the  interaction  of  any  shRNAs  with  LA  (Fig  7). 


3b.2:  The  investigation  of  COASY  and  multinucleation  phenotypes 


Summary 

In  a  forward  genetic  siRNA  kinome  screen  under  stresses,  we  found  that  silencing  of 
CoA  synthase  (COASY)  significantly  reduced  the  cell  number  of  MDA-MB-231  cells  (Fig  8) 
with  flattened  cobble-stone  appearance.  Importantly,  lactic  acidosis  totally  rescued  the  cell  death 
caused  by  COASY  silencing  (Fig  8).  In  the  tumorscape  data  of  the  copy  number  alteration, 
COASY  is  focally  deleted  in  breast  cancers.  Therefore,  we  feel  that  COASY  silencing  may 
confer  survival  advantages  under  LA. 

It  is  important  to  note  that  COASY  is  included  as  a  kinome  gene  of  the  Dharmacon 
kinome  siRNA  dataset  that  was  used  in  our  screen.  COASY  is  a  kinase  that  added  the  phosphate 
to  the  de-phosphorylated  CoA  to  make  CoA.  Therefore,  COASY  is  considered  a  kinase. 

The  reduced  cell  death  caused  by  COASY  silencing  is  rescued  by  simultaneous  lactic 
acidosis,  suggesting  that  this  defect  may  offer  potential  advantages  under  lactic  acidosis.  CoA 


synthetase  (COASY)  encodes  a  bifunctional  enzyme  catalyzing  the  last  two  steps  of  Coenzyme 
A  (Co A)  biosynthetic  pathway  [4],  Interestingly,  we  found  that  silencing  of  COASY  triggered 
mitotic  defects  and  multinucleation  in  multiple  cancer  cell  lines.  Since  CoA  is  the  major  acyl 
carrier  with  a  central  role  mediating  protein  acetylation,  under  COASY  silencing,  we  performed 
acetylome  analysis.  This  global  acetylome  analysis  identified  a  generally  increase  in  the  global 
acetylation.  Among  the  hits,  we  found  COASY  silencing  increased  the  acetylation  of  several 
peptides  of  CREB  binding  protein  (CBP)  and  targeting  protein  for  Xenopus  kinesin  like  protein  2 
(TPX2),  one  crucial  mitotic  factor.  TPX2  is  a  co-activator  of  Aurora  A  kinase  (encoded  by 
AURKA)  that  mediates  AURKA  localization  to  spindle  microtubules  and  activates  AURKA  by 
phosphorylation  [5,  6],  CBP  is  one  of  the  most  well-known  Histone  acetyltransferase  which 
acetylate  Histone  H4  and  activate  transcription  during  interphase  [7].  During  mitosis,  CBP  have 
been  reported  to  interact  with  the  anaphase-promoting  complex/cyclosome  (APC/C)  and  regulate 
cell  cycle  progression  by  degrading  mitotic  proteins  when  cells  enter  anaphase  [8].  Although 
CBP  is  reported  to  stabilize  multiple  non-histone  proteins  by  acetylation  [9,  10],  much  remains 
unknown  about  how  the  activities  of  CBP  is  regulated  to  maintain  proper  cell  cycle  progression 
during  mitosis.  During  mitosis,  Aurora  A  kinase  regulates  the  precise  timing  of  mitotic  spindle 
assembly  and  stability  through  the  careful  regulation  of  its  kinase  activity  and  distinct  sets  of 
target  proteins  at  different  phase  of  mitosis  [11],  Further  experiments  suggest  that  COASY  can 
form  a  complex  with  CBP  and  inhibit  the  acetyltransferase  activity  of  CBP.  CBP  acetylates  and 
stabilizes  TPX2  for  proper  cell  cycle  progression.  CBP  physically  associates  with  acetylates 
TPX2  to  control  the  Aurora  A  activities.  CBP  then  acetylates  and  stabilizes  TPX2  for  proper  cell 
cycle  progression.  Importantly,  the  CBP  activities  are  downregulated  by  COASY  through 
physical  association.  The  depletion  of  COASY  led  to  uncontrolled  CBP  activity  during  mitosis 
and  an  exaggerated  level/acetylation  of  TPX2,  persistent  TPX2  and  prolonged  Aurora  A 
activation,  which  contributes  to  the  mitotic  defects  and  multi-nucleation  phenotypes.  Since 
timely  regulated  TPX2  level  ensures  the  proper  progression  of  mitosis  [12,  13],  uncontrolled 
level  of  TPX2  can  lead  mitotic  defect  and  multinucleation.  Our  findings  reveal  a  novel 
mechanism  by  which  a  metabolic  enzyme,  COASY,  regulates  the  progression  of  mitosis  by 
controlling  the  timing  and  activities  of  acetyltransferase  activity  of  CBP. 


COASY  silencing  trigger  multinucleation  phenotypes 

In  a  forward  genetic  siRNA  screen,  we  found  that  silencing  of  CoA  synthase  (COASY) 
significantly  reduced  the  cell  number  of  MDA-MB-231  cells  rescued  by  lactic  acidosis  (Fig  8). 
COASY  silencing  renders  cells  flattened  cobble-stone  appearance  (Fig  9A,  B).  By  staining  with 
DAPI  and  F-actin,  we  found  that  COASY  silencing  triggered  prominent  multi-nucleation 
phenotypes  in  multiple  cells  (Fig  9D-1F).  COASY  encodes  CoA  synthase  that  is  responsible  for 
the  last  two  steps  of  de  novo  CoA  synthesis  from  pantothenic  acid  (vitamin  B5).  Therefore,  we 
determined  how  COASY  silencing  impacted  the  level  of  CoA  and  acetyl-CoA  using  FC-MS 
analysis.  We  found  that  COASY  silencing  reduced  both  CoA  and  acetyl-CoA  by  ~50%, 
indicating  a  successful  silencing  and  inhibition  of  the  CoA  and  acetyl-CoA  synthesis  (data  not 
shown).  These  reduced  CoA  and  acetyl-CoA  indicated  that  COASY  has  been  successfully 
silenced. 

Next,  we  determined  whether  enzymatic  activities  are  required  for  the  COASY-mediated 
multinucleation  phenotypes.  The  R499C  mutation  of  COASY  in  human  is  known  to  disrupt  its 
enzymatic  activity  and  associate  with  the  development  of  neurodegeneration  with  iron 
accumulation  [14],  To  test  the  role  of  enzymatic  activities  of  COASY  in  the  multi-nucleation 
phenotypes,  we  transfect  wild  type  and  enzymatic  dead  mutant  (R499C)  of  COASY  into  the 
COASY  silenced  cells  to  determine  their  ability  for  rescue  the  aneuploidy  phenotypes  caused  by 


COASY  silencing.  We  found  that  both  wild  type  and  enzymatic  dead  mutant  of  COASY  could 
completely  rescue  the  multinucleation  phenotypes  (Fig  9E). 

COASY  encode  the  last  protein  in  the  multi-step  steps  during  the  de  no  synthesis  of  CoA 
from  panthenate  acid  (Vitamin  B5).  Mutations  in  PANK2  and  CoASY  lead  to  PKAN  and 
CoPAN  forms  of  NBIA,  respectively.  To  further  determine  the  role  of  CoA  synthesis  in  the 
multi-nucleation  phenotypes,  we  inhibit  other  proteins  in  the  pathways  using  Hopan  (PANK 
inhibitors)  as  well  as  siRNAs  against  PANK  and  PPCDC.  None  of  these  inhibitors  or  siRNAs 
induced  the  multi-nucleation  phenotypes  seen  with  COASY  silencing  (Fig  9F).  Collectively, 
these  results  indicate  that  COASY  regulates  the  CBP  activities  and  mitotic  fidelity  via  an 
enzymatic  independent  manner. 

COASY  silencing  increased  TPX2  induction  and  lysine-acetylation 

Given  the  importance  of  CoA  and  acetyl-CoA  as  substrates  in  the  reversible  lysine 
acetylation  (K-Ac  or  Ac-K),  we  perform  a  global  acetylome  analysis  using  mass  spectrometry 
(MS)  to  determine  the  how  COASY  silencing  affects  the  lysine  acetylation  (K-Ac)  of  cells 
during  mitosis.  Such  global  acetylome  analysis  indicated  a  general  hyper-acetylation  of  a  large 
number  of  proteins  that  include  histones  and  histone  acetyl  transferase  CREB  Binding  Protein 
(CBP)  (Fig  10A,B).  The  increased  lysine  acetylation  in  CBP  suggests  increased  enzymatic 
activities  [25],  consistent  with  increased  acetylation  upon  COASY  silencing.  In  addition,  mass 
spec  analysis  identified  a  consistent  5-10  fold  increase  in  three  acetylated  peptides  of  TPX2 
(K75,  K476  and  K582)  (Fig  10C).  TPX2  is  a  co-activator  of  Aurora  A  kinase  (encoded  by 
AURKA)  that  mediates  AURKA  localization  to  spindle  microtubules  and  activates  AURKA  by 
phosphorylation  [5,  6].  During  mitosis,  Aurora  A  kinase  regulates  the  precise  timing  of  mitotic 
spindle  assembly  and  stability  through  the  careful  regulation  of  its  kinase  activity  and  distinct 
sets  of  target  proteins  at  different  phase  of  mitosis  [11].  One  important  regulatory  mechanism  is 
the  co-activator  TPX2,  which  allosterically  regulates  Aurora-A  kinase  activity  through  the 
autophosphorylation  of  Aurora  A. 

The  increased  levels  of  multiple  acetylated  TPX2  peptides  suggest  an  increase  in  the 
overall  protein  levels  and  lysine  acetylation  of  TPX2  that  is  expected  to  activate  Aurora  A 
kinase.  As  expected,  immunoblots  revealed  that  COASY  silencing  increased  both  TPX2  protein 
levels  as  well  as  Aurora  A  phosphorylation  (Thr288)  (Fig  10D).  This  increased  Aurora  A 
phosphorylation  caused  by  COASY  silencing  can  be  abolished  by  simultaneous  transfection  of 
TPX2  siRNA  (Fig  10D).  This  result  suggested  that  COASY  silencing  triggered  Aurora  A 
phosphorylation  by  increasing  TPX2  expression. 


The  stage-specific  interaction  between  COASY,  TPX2  and  CBP  during  cell  cycle 
progression 

We  hypothesize  that  COASY  may  regulate  the  TPX2  acetylation  by  CBP  through 
physical  interaction.  To  test  the  potential  interaction  between  COASY,  TPX2  and  CBP  during 
mitosis,  we  used  confocal  microscopy  to  determine  the  physical  locations  of  TPX2  and  CBP  in 
COASY-GFP  expressing  cells.  While  the  physical  location  of  COASY  did  not  significantly 
overlap  with  TPX2  and  CBP  during  interphase  (Fig  1 1A-B),  most  COASY-GFP  are  found  to  co¬ 
localize  with  CBP  during  mitosis  (Fig  1 1A).  Furthermore,  significant  portions  of  COASY-GFP 
are  found  at  centrosome  that  overlap  with  TPX2  during  early  mitosis  (Fig.  1  IB).  This  data 
suggests  that  COASY,  TPX2  and  CBP  might  interact  with  each  other  during  early  mitosis.  To 
further  confirm  physical  interaction  between  COASY,  TPX2  and  CBP  during  early  mitosis,  we 
treated  cells  with  thymidine-nocodazole  block  to  arrest  the  cell  population  in  early  mitosis.  After 
a  mitotic  shake-off  to  enrich  the  mitotic  cell  population,  cells  were  then  released  in  fresh  media 
at  different  time  points.  The  endogenous  CBP  was  immunoprecipitated  using  CBP  antibody  and 
associated  proteins  were  then  analyzed  by  immunoblotting  (Fig.  1 1C).  Both  COASY  and  TPX2 


showed  robust  interaction  with  CBP  between  20  to  40  min  after  releasing  from  nocodaozle 
during  the  transition  from  early  to  late  mitosis.  This  association  disappeared  after  70  min  post¬ 
release.  Thus,  COASY,  TPX2  and  CBP  are  physically  associated  during  early  mitosis. 

To  understand  the  functional  relevance  of  COASY  during  the  mitotic  progression,  we 
determined  how  COASY  silencing  affects  cell  cycle  progression,  similar  to  Fig  1 1C.  First,  we 
found  that  COASY  silencing  significantly  prolonged  mitosis  as  cyclin  Bl,  expressed 
predominantly  during  G2/M  phase,  was  found  over  extended  periods  of  time  (Fig  1  ID).  COASY 
silencing  also  delayed  its  downregulation  from  40  min  (siControl)  to  140  min  (siCOASY)  after 
release  (Fig  1  ID).  Additionally,  Western  blotting  of  CBP  under  control  siRNA  showed  two 
predominant  bands.  While  the  lower  band  of  CBP  was  ubiquitously  expressed,  the  upper  band  of 
CBP  was  cell  cycle-regulated  and  highly  expressed  during  early  mitosis.  COASY  silencing 
increased  the  portion  of  the  upper  band  of  CBP  over  an  extended  periods  of  mitosis.  When  the 
protein  extracts  were  treated  with  Lambda  protein  phosphatase,  the  higher  molecular  weight 
bands  of  CBP  disappeared  and  were  replaced  with  the  CBP  of  lower  molecular  band  (Fig  1  IE). 
These  results  suggest  the  higher  molecular  weight  bands  of  CBP  were  caused  by 
phosphorylation,  consistent  with  previous  reports  on  the  cell-cycle  specific  CBP  phosphorylation 
[15]  that  is  associated  with  enhanced  HAT  activities  [15].  To  determine  the  ability  of  COASY  to 
regulate  CBP,  we  pulled  down  CBP  by  either  antibody  against  CBP  or  COASY  and  found  that 
COASY  mostly  associated  with  the  un-phosphorylated  CBP  (Fig  1  IF).  In  contrast,  CBP 
antibody  pull  down  both  phosphorylated  and  unphosphorylated  CBP.  Furthermore,  when 
normalized  against  the  similar  amount  of  CBP,  COASY-associated  CBP  has  a  dramatically 
reduced  histone  acetyl-transferase  activities  (Fig  11G).  Therefore,  these  data  suggest  that 
COASY  may  bind  to  CBP  and  inhibit  its  HAT  activities. 


The  acetylation  on  three  lysine  residues  of  TPX2  is  crucial  for  TPX2  stability  and  Aurora  A 
phosphorylation 

Since  COASY  silencing  increased  TPX2  and  CBP  acetylation  (Fig  10B-C)  and  COASY- 
CBP-TPX2  physical  interaction  during  early  mitosis  (Fig  1  IB),  we  speculated  that  COASY  may 
regulate  the  CBP-mediated  TPX2  acetylation.  We  first  verified  the  increased  TPX2  acetylation 
identified  by  MS  (Fig  10D).  We  pulled  down  TPX2  and  probed  with  lysine  acetylation 
antibodies.  These  experiments  reveal  that  COASY  silencing  increased  TPX2  acetylation  (Fig 
12A).  To  determine  whether  TPX2  is  a  target  protein  of  CBP,  we  co-transfected  wildtype  (CBP 
WT)  and  enzymatic  dead  mutant  (CBP  Mut)  CBP  with  TPX2  and  test  TPX2  acetylation  (Fig 
12B).  After  24  hours  of  transfection,  the  early  mitosis  cells  were  enriched  and  TPX2  was 
immunoprecipitated  and  analyzed  by  immunoblotting  (Fig  12B).  These  data  showed  wildtype 
CBP,  but  not  vector  or  enzymatic  dead  mutants,  increased  the  lysine  acetylation  and  expression 
of  TPX2.These  data  suggests  that  CBP  acetylates  TPX2  and  regulates  the  expression  level  of 
TPX2by  its  enzymatic  activities. 

Next,  we  determined  the  role  of  three  lysine  residues  of  TPX2  (K75,  K476  and  K582) 
whose  acetylation  was  increased  by  COASY  silencing.  We  made  acetylation-deficient  mutants 
by  converting  lysine  to  arginine  (TPX2-RRR  at  K75R,  K476R  and  K582R).  We  co-transfected 
CBP  expression  constructs  with  either  wildtype  or  triple  mutant  form  of  TPX2  (TPX2-RRR)  to 
293T  cells  (Fig  12B).  When  the  pulled  down  TPX2  were  probed  with  acetylated  lysine  antibody, 
TPX2  triple  mutant  showed  -50%  reduction  in  lysine  acetylation,  suggesting  that  these  three 
lysine  residues  play  an  important  role  in  the  CBP-mediated  TPX2  acetylation.  Furthermore,  CBP 
co-transfection  stabilized  TPX2  and  increased  its  expression  by  -  3  fold  (Fig  12B).  However, 
this  CBP-mediated  stabilization  was  not  found  for  TPX2  triple  mutant  (TPX2-RRR).  Together, 
these  results  suggest  the  important  role  of  these  three  acetylated  lysine  residues  in  regulating  the 
TPX2  protein  level  by  CBP. 


To  determine  to  the  role  of  these  lysine  residues  for  Aurora  A  phosphorylation,  we 
cotransfected  Aurora  A  expression  constructs  with  wildtype  or  triple  mutant  form  of  TPX2 
(TPX2-RRR)  in  293T  cells.  Similar  to  Fig  4B,  TPX2  triple  mutant,  when  compared  with  wild 
type,  showed  reduced  ability  to  increase  Aurora  A  phosphorylation  (Fig  12C).  These  results 
suggest  that  these  three  TPX2  lysine  residues  not  only  regulate  the  stability  of  TPX2  but  also 
critical  in  activating  Aurora  A. 


CBP  inactivation  and  TPX2  silencing  rescues  COASY  dependent  multinucleation 

To  investigate  the  importance  of  CBP  in  the  COASY-silenced  phenotypes,  we  used  CBP 
inhibitor  C646  and  found  C646  reduced  both  TPX2  upregulation  and  increased  Aurora  A 
phosphorylation  associated  with  COASY  silencing  (Fig  13  A).  In  addition,  the  inhibition  of  CBP 
by  siRNA  and  C646  abolished  the  multinucleation  induced  by  COASY  silencing  (Fig  13B-C). 
Next,  we  determined  the  role  of  TPX2  in  the  COASY  silencing  phenotypes.  During  the  COASY 
silencing,  we  also  depleted  TPX2  by  different  amount  of  TPX2  siRNAs,  we  found  that  the  TPX2 
siRNAs  rescued  the  COASY-silencing  multinucleation  phenotypes  in  a  dose-dependent  manner 
(Fig  13D).  Therefore,  the  increased  CBP  and  TPX2  caused  by  COASY  silencing  is  essential  for 
the  multi-nucleation  phenotypes. 

Based  on  these  data,  we  propose  a  model  (Fig  13D)  in  which  that  CBP  play  an  important 
role  in  the  cell-cycle-specific  activation  of  Aurora-A  by  the  TPX2  acetylation  at  three  lysine 
residues  via  direct  interaction  between  CBP  and  TPX2.  The  COASY  is  important  for  the 
inactivation  of  CBP  to  turn  off  the  TPX2  and  Aurora  A,  which  is  required  for  cell  cycle 
progression.  The  regulation  of  the  TPX2  is  mediated  by  a  cell-cycle-specific  association  of 
COASY  with  CBP.  The  silencing  of  COASY  leas  to  the  hyper-acetylation  of  TPX2  and 
activation  of  Aurora  A  kinase.  Such  increased  Aurora  A  kinase  contributes  to  the  mitotic  defects 
and  multi-nucleation  phenotypes.  These  data  revealed  an  unexpected  role  of  tumor  metabolisms 
in  regulating  the  mitotic  fidelity  and  proper  cell  cycle  progression. 

Taken  together,  in  addition  to  the  involvement  of  de  novo  Co  A  biosynthesis  pathway,  our 
finding  identified  a  non-canonical  role  of  COASY  in  regulating  the  CBP  localization  and 
acetyltransferase  activity  during  mitosis,  which  in  term  stabilize  and  activate  TPX2  for  the 
proper  progression  of  mitosis.  Importantly,  during  mitosis,  the  nuclear  envelope  breakdown  and 
chromosome  condensation  render  transcription  inactive  [16-19].  However,  our  results  indicate  an 
increase  in  the  level  of  TPX2  under  COASY  silencing  during  mitosis,  which  point  out  the 
importance  of  post-transcriptional  modification  by  CBP  in  regulating  the  level  of  TPX2  and 
potential  more  mitotic  proteins. 

From  our  mechanistic  studies  of  COASY  silencing,  we  found  that  the  COASY  silencing 
to  an  unexpected  protein  hyper-acetylation  due  to  the  ability  of  COASY  to  associate  and  repress 
CBP.  A  previous  report  have  shown  that  acidosis  can  reduce  the  histone  and  protein  acetylation 
by  histone  deacetylases  (HDACs).  The  released  acetate  anions  are  exported  with  protons  out  of 
the  cell  by  monocarboxylate  transporters  (MCTs)  to  prevent  further  acidosis  [1],  Therefore,  we 
hypothesize  that  lactic  acidosis  rescued  the  hyperacetylation  caused  by  COASY  silencing  to 
rescue  the  COASY-regulated  CBP-mediated  TPX2  acetylation  and  Aurora  A  activation. 


3b.3  Setting  up  CRISPR-Cas9  system  for  single  gene  validation  and  screens 

For  loss-of-function  studies  in  mammalian  cells,  use  of  RNA  interference  (RNAi)  is 
currently  the  standard  approach  for  its  rapid  and  easy  implementation.  Genome-scale  RNAi 
screens  have  been  adopted  as  a  standard  approach  by  cancer  researchers  and  have  demonstrated 
utility  in  discovering  novel  cancer  genes,  synthetic  lethal  interactions  with  oncogenes,  drug 
resistance  mechanisms  and  potential  therapeutic  targets  [20-23].  Therefore,  our  initially  proposed 


functional  kinome  screens  were  performed  using  RNAi  based  by  shRNA  and  siRNA-mediated 
gene  silencing.  However,  with  maturation  of  the  RNAi  technology  and  the  bioinformatics 
methodology  to  analyze  RNAi  experiments,  we  have  begun  to  better  appreciate  some  of  the 
limitations.  The  RNAi-based  approaches  suffer  from  potential  off-target  effects  and  partial  gene 
suppression.  We  also  feel  that  these  off-target  effects  may  be  responsible  for  many  false-positive 
hits  in  our  original  screen  as  well  as  why  different  shRNAs  have  different  effects. 

These  limitations  can  be  problematic  in  high-throughput  applications,  where  there  have 
been  several  reports  of  off-target  effects  on  a  few  key  genes  largely  determining  screen  hits  [24- 
26],  Such  off-target  effects  necessitate  thorough  validation  and  characterization  of  candidates 
arising  from  RNAi  screens  to  establish  them  as  bona  fide  hits.  Additionally,  the  fact  that  many 
RNAi  sequences  elicit  only  partial  suppression  of  their  targets  effectively  prevents  screens  from 
reaching  saturation,  leading  to  high  rates  of  false-negatives  and  lack  of  concordance  between 
screens  for  the  same  phenotype  [27],  Together,  these  caveats  constrain  the  utility  of  RNAi 
libraries,  but  in  the  absence  of  any  other  alternatives  for  systematic  loss-of-function  studies,  they 
were  the  best  tools  available  until  recently. 


CRISPR-Cas9  gene  editing/deletion 

In  early  2013,  several  groups  reported  the  discovery  that  the  prokaryotic  immune  defense 
system  consisting  of  clustered  regularly  interspaced  short  palindromic  repeats  (CRISPR)  and 
Cas9  endonucleases  can  be  repurposed  for  the  rapid  and  simple  editing  of  genomes  of  many 
organisms,  including  humans  [28-30],  In  this  approach,  concomitant  introduction  of  Cas9  with  a 
guide  RNA  (gRNA)  complementary  to  the  targeted  gene  leads  to  double-stranded  breaks  in  the 
genome,  which  are  then  repaired  by  error-prone  non-homologous  end  joining,  frequently  leading 
to  insertions  or  deletions  that  cause  gene-inactivating  frame-shifts  (Figurel).  In  December  2013, 
several  groups  reported  genome-scale  libraries  of  CRISPR  gRNAs  for  high-throughput  targeting 
of  human  or  mouse  genes,  demonstrating  their  utility  for  functional  screening  applications  [2,  31, 
32],  While  this  technology  is  very  new,  early  work  suggests  that  the  efficiency  of  CRISPR- 
mediated  loss-of-function  is  higher  and  the  prevalence  of  off-target  effects  is  lower  than  current 
RNAi-based  methods. 

The  development  of  CRISPR-Cas9  based  technology  has  radically  altered  the  landscape 
of  molecular  biology  by  enabling  easy  and  rapid  genome  editing  in  virtually  any  cell  type  or 
organism  [28-30],  Cas9  can  be  programmed  with  a  single  guide  RNA  (sgRNA)  to  target  specific 
genomic  sequences,  where  it  introduces  double-strand  breaks  (DSBs)  (Fig  14).  The  broad  utility 
and  accessibility  of  CRISPR-mediated  genome  editing  is  made  evident  by  the  widespread 
adoption  of  CRISPR-based  techniques  by  many  labs  to  generate  knockout  or  knock-in 
experimental  models  in  the  short  two  years  since  its  introduction.  Of  particular  interest  to  our 
Facility,  CRISPR  technologies  have  also  enabled  the  development  of  new  genome-scale  libraries 
that  can  be  used  to  interrogate  gene  function  in  systematic,  high-throughput  fashion  [2,  32,  33], 
Such  libraries  have  demonstrated  robust  and  reproducible  performance  in  identifying  genes  and 
pathways  involved  in  such  diverse  processes  as  cancer  cell  proliferation,  innate  immune 
response,  virus-induced  cell  death,  tumor  metastasis  and  cancer  drug  resistance  [2,  32,  34-38]. 
Moreover,  CRISPR-based  libraries  outperform  the  previously  available  shRNA  libraries  by  a 
wide  margin,  with  better  consistency  of  reagents  against  the  same  gene  and  higher  validation 
rates.  This  is  likely  attributable  at  least  in  part  to  the  complete  loss  of  function  phenotypes  and 
fewer  off-target  effects  associated  with  CRISPR  approaches  [32,  35,  39]. 


Derive  a  clonal  cell  line  expressing  FLAG-Cas9  under  the  control  of  a  doxycycline 
responsive  promoter  (pCW-Cas9) 

To  facility  the  screen  and  functionally  validation  our  kinase  hits,  we  generate  multiple 
single  cell  clones  with  low  background  and  highly  inducible  Cas9  in  MDA-MB23 1  cells.  We 
used  the  inducible  system  developed  by  Wang  et  al  [2],  First,  we  used  the  pCW-Ca9  to  generate 
Cas9  lentivirus.  Next,  we  transduce  target  cells  (MDA-MB231)  followed  by  puromycin  selection 
24  hours  after  infection.  Then  we  isolate  single-cell  clones  via  limiting  dilution.  We  tested  the 
individual  single  cell  clones  for  their  baseline  and  inducible  expression  of  for  Cas9  expression 
via  western  blotting  using  an  anti-FLAG  antibody.  The  purpose  was  to  select  for  the  single  cell 
clones  which  have  no  expression  of  Cas9  before  tetracycline  (before  induction)  as  well  as  the 
highest  induction  of  Cas9  expression  after  Dox  induction.  As  shown  in  Figure  8,  we  have 
generated  up  10  ten  individual  MDA-MB231  with  inducible  Cas9  expression  and  appropriate  for 
screening  after  the  additional  transfection  of  the  sgRNA  library  (Fig  15). 

Pilot  in  vitro  CRISPR  screens  for  functional  dependencies  in  cancer  cells 

In  our  first  year,  we  sought  to  generate  reagents,  develop  experimental  protocols  and 
establish  analysis  pipelines  for  the  use  of  CRISPR  sgRNA  libraries  targeting  the 
human  genome  in  order  to  evaluate  the  feasibility  and  performance  of  the  technology  for  high- 
throughput  loss-of- function  screening.  To  this  end,  we  performed  pilot  screens  using  a  cell  line 
for  which  we  have  genome  mutation  data,  facilitating  prioritization  of  genetic  dependencies  that 
may  be  targeted  for  therapeutic  intervention.  We  tested  two  different  pooled  lentiviral  sgRNA 
libraries  for  CRISPR-Cas9-based  loss-of-function  screening,  targeting  7,1 17  and  18,080  human 
genes  with  72,151  and  123,41 1  unique  sgRNAs  respectively  [2,  32],  The  smaller  library  uses 
Tet-regulated  expression  of  the  Cas9  nuclease  for  inducible  gene  editing,  while  the  larger  library, 
also  known  as  GeCKO  (Genome-scale  CRISPR  Knock-Out),  uses  constitutively  expressed 
CAS9.  After  amplification  of  library  DNA  stocks  (Fig  16) ,  we  were  able  to  verify  >95% 
retention  of  all  library  sgRNAs  (Fig  8),  as  assessed  by  deep  sequencing.  Both  libraries  were  then 
used  to  screen  cancer  cell  line  to  identify  genes  that  regulate  cell  proliferation,  using  protocols 
modified  from  those  previously  designed  for  pooled  screening  with  lentiviral  shRNA  libraries. 
We  also  tested  and  optimized  procedures  for  sample  processing,  deep  sequencing  for  screen 
deconvolution  and  data  analysis. 

Our  work  demonstrated  robust  performance  of  the  CRISPR  screening  technology  (Fig 
17-18),  as  evidenced  by  our  ability  to  identify  known  essential  genes  and  pathways  using  both 
libraries.  We  identified  processes  well  known  to  be  generally  required  for  proliferation,  including 
translation,  transcription,  splicing,  DNA  replication  and  proteasome  function.  We  also  recovered 
several  expected  genes,  such  as  MYC  and  BCL6,  which  are  known  to  be  mutated  in  many 
cancers.  We  also  identified  several  novel  genes  where  knockout  appeared  to  promote  cell 
proliferation,  suggesting  possible  tumor  suppressor  function,  including  TOX.  In  parallel  with 
these  experiments,  we  also  investigated  the  ability  of  both  library  vector  systems  to  induce 
mutations  at  individual  loci  and  found  mutation  rates  of  80-100%  in  most  cell  lines  and  loci 
tested,  suggesting  that  lentiviral  delivery  enables  highly  efficient  genome  editing.  This  is  due  at 
least  in  part  to  the  stable  expression  of  Cas9  and  sgRNAs  enabled  by  lentiviral  transduction, 
leading  to  successive  cycles  of  DSB  formation  and  repair  until  the  genome  is  mutated, 
preventing  further  recognition  by  the  sgRNA/Cas9  complex.  As  the  GeCKO  library  has  broader 
coverage  of  the  human  genome  and  slightly  better  performance  metrics  both  at  individual  loci 
and  genome  wide,  we  anticipate  that  most  screens  will  be  performed  using  the  GeCKO  system. 
Our  results  established  CRISPR  sgRNA  genome-wide  loss-of-function  pooled  screening  in 
human  cancer  cell  lines  as  a  viable  method  for  DCI  investigators. 

We  have  begun  perform  synthetic  lethal  kinome  screens  of  MDA-MB231  under  hypoxia  and 
lactic  acidosis  using  cells  with  inducible  Cas9  by  doxycycline. 


3c.  Opportunities  for  training  and  professional  development  has  the  project  provided? 

The  proposed  projects  have  supported  ample  opportunities  for  training  and  professional 
developments.  The  project  is  currently  supporting  two  PhD  students  enrolled  in  the  University 
Program  in  Genetics  and  Genomics  (UPGG).  The  funded  research  afford  them  the  projects  and 
the  chances  for  their  graduate  training  and  professional  development.  They  have  taken  training 
courses  for  bioinformatics  as  well  as  mass  spectrometry  analysis  to  further  their  graduate  training 
for  their  future  career  in  science. 


3d.  How  were  the  results  disseminated  to  communities  of  interest? 

The  results  are  disseminated  to  communities  by  multiple  ways.  First,  we  have  been 
publishing  our  results  in  several  publications  to  dissect  our  results  to  the  scientific  communities 
[40-43],  The  original  profiling  data  from  the  screens  and  gene  expression  were  also  deposited 
into  the  GEO  database  to  make  the  data  available  for  the  scientific  community.  In  addition,  both 
the  Pis  and  trainees  have  presented  these  findings  in  AACR  and  Gordon  conferences  to  share  the 
results  with  other  investigators  in  the  related  fields. 

3e.  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

We  will  continue  to  validate  the  screen  hits  of  the  genetic  determinants  of  the  cellular 
response  to  hypoxia  and  acidosis.  We  will  continue  to  validate  these  hits  and  investigate  the 
mechanisms  by  which  these  genes  and  proteins  affect  the  cellular  survival  under  hypoxia  and 
lactic  acidosis. 


4.  Impact 

4a.  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

We  have  published  13  peer  review  articles  and  one  edited  book.  These  papers  and  their 
data  have  been  released  to  the  scientific  community. 

4b.  What  was  the  impact  on  other  disciplines? 

Nothing  to  Report 

4c.  What  was  the  impact  on  technology  transfer? 

Nothing  to  Report 

4d.  What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  Report 


5.  Changes/Problems 
Nothing  to  Report 


6.  Products. 
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Figure  1.  (A)  The  oncoprint  of  the  synthetic  lethal  screen  kinase  hits  under  lactic  acidosis  in  the  TCGA 
breast  cancer.  (Red:  Amplification,  Blue:  Deletion,  Green:  Somatic  mutations).  (B)  5  kinase  hits  (name 
indicated)  are  clustered  in  the  regions  of  chromosomal  lq. _ 
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Figure  2.  (A)  Local  enrichment  ratios  (y-axis)  for  the  genes  in  latent  factor  26  along  the  23  autosomes 
(X-axis).  Chromosomes  are  colored  alternately  blue  and  black  for  visualization.  The  red  crosses  designate 
the  physical  locations  of  the  genes  in  the  respective  factor  with  vertical  jitter  added  to  allow 
visualization.  (B)  The  degree  of  association  (-log  (p  value)  of  Pearson  correlation,  Y-axis)  between  the 
expression  of  factor  26  with  the  BAC  clones  along  the  23  chromosomes  (X-axis)  in  breast  tumors, (upper) 

,  and  cancer  cell  lines,  (lowers),  with  the  significant  association  with  indicated  BAC  clones  in  lq. 
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Figure  3.  (A)  Crystal  Violet  of  MDA-MB-231  transduced  with  indicated  shRNAs  under 
control  or  lactic  acidosis  (25  mM  lactate  and  pH  6.7)  for  10  days. 
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Figure  4.  (A)  Crystal  Violet  of  MDA-MB-231  transduced  with  indicated  shRNAs  under  control  or  lactic 
acidosis  (25  mM  lactate  and  pH  6.7)  for  ten  days. 
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Figure  5.  (A)  Crystal  Violet  of 
MDA-MB-23 1  transduced  with 
indicated  shRNAs  under  control 
or  lactic  acidosis  (25  mM  lactate 
and  pH  6.7)  for  ten  days.  The 
left  panel  showed  the 
absorbance  and  right  panels 
showed  the  ratios  between 
Control  over  LA  (Ctrl/LA)  for 
each  shRNAs. 
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Figure  6.  (A)  Crystal  Violet  of  MDA-MB-231  transduced  with  indicated  shRNAs  under  control  or  lactic 
acidosis  (25  mM  lactate  and  pH  6.7)  for  15  days. 
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Figure  7.  Cell  Titer  Glow  of  MDA-MB-231  transduced  with  indicated  shRNAs  under  control  or  lactic 
acidosis  for  3  days. 
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Figure  8.  Cell  Titer  Glow  of  MDA-MB-231  transduced  with  indicated  shRNAs  under  control  or  lactic 
acidosis  for  3  days. 
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Figure  9.  The  silencing  of  COASY  lead  to  multinucleation 
phenotypes  which  can  be  rescued  by  wild  type  and  mutant 
COASY,  suggesting  an  enzymatic  independent  function. 
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Fig  10.  Mass  spec  revealed  the  acetylated  proteins  under  COASY  silencing  during  mitosis 


Fig  11.  C0ASY-CBP-TPX2  form  a  complex  during  early  mitosis 


A. 


DAP  I 


CBP 


COASY-GFP 


Merge 


Interphase 


Mitosis 


B. 


DAPI 


TPX2 


COASY-GFP  Merge 


Interphase 


Mitosis 


C. 


|  Early 

Late 

s;  m 

m  ;  ci 

i  i  i 

IK  CBP 

j  _  c 

ffl  c  — 

\  C  cj 

=  £  E 

!  E  E  J  ■=  -= 

IS  S  | 
fi  1 

Q  O  1  m  m 

iv  r*  i  c  o 

ii  o  o  ■  «  a 

i  8  3  i  o  5 

l  O  O  ■  Z  Z 

7  7 

TPX2 


CBP 


y  ^ 


COASY 
Cyclin  B1 


cx-tubulin 


D. 


CBP 

250  kD  - 


Control  SIRNA 


COASY  SIRNA 


Time  after  ^leasing  from  nocodazole 

e  e  c  e  e  .S  £  c  c 

e 


Time  after  releasing  from  nocodazole 

e  e  c  Q  c  £  S  c  c 

1  i  |  |  n 
°Sl8SgS|S 


LiJJ'H 1 1 


Cyclin  B1 
a-tubulin 

E. 


Phosphatase 
CBP 


250  kD - ► 


F. 


Input 


CBP  290  CD 


S  §  ®  . 

Z3  _Q  m 

o  R  <5  u 

^  u  nc 


* 

I  i  oh 


COASY 


cP  $ 


Fig  12.  CBP-mediated  TPX2  acetylation 
at  3  lysine  residues  of  TPX2  critical  for  the 
Aurora  A  activation 
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Fig  13.  CBP  silencing  or  inhibition  rescues  COASY 
dependent  multinucleation 
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Figure  14.  Cas9  nuclease  is  directed  by  a  gRNA  to  complementary  sequences  in  the 
genome,  which  are  then  cleaved  and  repaired  by  error-prone  NHEJ.  Taken  from  Mali  et  al 
Science,  2013. 
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Fig  15  Selection  of  multiple  MDA-MB23 1  cells  with  inducible  Cas9.  The  number  indicate 
each  single  cell  clones  with  the  best  hits  indicated  in  red. 
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Fig  16.  Schematic  overview  of  pooled  shRNA  or  CRISPR 
gRNA  library  screening  process 
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Fig  17.  Amplification  of  the  sgRNAs  using  two  step  PCR 
from  the  library. 
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Fig  18  Fold  change  of  each  sgRNA  in  the  GeCKO  screen.  Representative  genes  (TOX, 
BACH2),  gene  sets  (RPL=large  ribosomal  subunit  genes)  and  controls  are  shown  as  described 
to  provide  examples  of  depletion  and  enrichment. 


